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The seesaw mechanism
Generalization: heavy fields that couple both to lepton (�L) and Higgs
doublets ! Majorana neutrinos

1 RH neutrinos Ni (Type I seesaw)
[Minkowski - Mohapatra & al - Gell-Mann & al -

Yanagida]

2 Scalar SU(2) triplet ! (Type II seesaw)
[Schechter & al - Lazarides & al - Mohapatra & al -

Wetterich]

3 Vector-like fermion SU(2) triplets " i (Type
III seesaw) [Foot & al]
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Figure 3. Limits on the mixing between the electron neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

the interpolating formula (11) allows us to calculate the 0!"" half-life for arbitrary
heavy neutrino masses using the NMEsM 0!

! (light) and M 0!
N (heavy) [158,159].

Using the combined 90% C.L. limit on 0!"" half-life T 0!
1/ 2(76Ge) ! 3" 1025 yr from

GERDA+Heidelberg-Moscow experiment [160], we derive from the second term in (11)
upper limits on |VeN |2 as a function of a generic heavy neutrino massMN . Our results
are shown in Figure 3, where the shaded (orange) region between the solid and dashed
lines, labeled ÔGERDAÕ, shows the uncertainty due to NMEs [159, 161]. Here we have
used the recently re-evaluated phase-space factors [162] and the NMEs from a recent
calculation within the quasi-particle random phase approximation (QRPA) [159, 163].
Similar limits are obtained using the half-life limit T 0!

1/ 2(136Xe) ! 2.6 " 1025 yr from
KamLAND-Zen experiment [164,165] and the corresponding QRPA NMEs [159].

From Figure 3, it seems that the 0!"" constraints are very severe, thus shadowing
the future prospects of observing LNV in other processes involving the electron channel.
However, one must keep in mind that the 0!"" limits may be signiÞcantly weakened
in certain cases when a cancellation between di! erent terms in (11) may happen [166],
e.g. due to the presence of MajoranaCP phases. In general, the Majorana nature of
neutrinos does not guarantee anobservable0!"" rate in all models [167]. Also, in the
inverse seesaw scenario with pseudo-Dirac heavy neutrinos, the 0!"" limits are usually
diluted by the small LNV term # = µS/MS. Therefore, it is still important to include
the electron channel while performing an independent direct search for heavy neutrinos
at colliders.

[Deppisch, Dev, Pilaftsis, arXiV:1502.06541]
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Figure 4. Limits on the mixing between the muon neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

2.2.2. Peak Searches in Meson DecaysPeak searches in weak decays of heavy leptons
and mesons are powerful probes of heavy neutrino mixing with all lepton ßavors. The
most promising are the two-body decays of electrically charged mesons into leptons and
neutrinos: X ± ! ! ± N [168Ð170], whose branching ratio is proportional to the mixing
|V! N |2. Thus, for a non-zero mixing and in the mesonÕs rest frame, one expects the
lepton spectrum to show a second monochromatic line at

E! =
M 2

X + m2
! " M 2

N

2MX
, (12)

apart from the usual peak due to the active neutrino" L ! . For sterile neutrinos heavier
than the charged lepton, the helicity suppression factor inherent in leptonic decay rate is
weakened by a factorM 2

N /m 2
! [169] due to which the sensitivity on|V! N |2 increaseswith

MN till the phase space becomes relevant. Peak searches have been performed in the
channels# ! eN [171Ð175],# ! µN [176Ð180],K ! eN [181] andK ! µN [181Ð185].
The current 90% C.L. limits on |V! N |2 (for ! = e, µ) derived from these searches are
shown in Figures 3 and 4, labeled as ÔX ! !" Õ (withX = #, K and ! = e, µ). The limit
from # ! µN is not shown here, since it is only applicable in the mass range 1 MeV
# MN # 30 MeV.

The peak searches could in principle be extended to higher masses with heavier
meson/baryon decays [186Ð188]. For instance, the Belle experiment [189] used the decay
mode B ! X !N followed by N ! !# (with ! = e, µ) in a data sample of 772 million

[arXiV:1502.06541]
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Figure 5. Limits on the mixing between the tau neutrino and a single heavy neutrino
in the mass range 100 MeV - 500 GeV. For details, see text.

B øB pairs coming from! (4s) resonance to place 90% C.L. limits on|VeN |2 and |VµN |2 in
the heavy neutrino mass range 500 MeV to 5 GeV, as shown in Figures 3 and 4, labeled
as ÔBelleÕ.

Limits on the mixing parameter can also be set from the 3-body decay of muons,
where a sterile neutrino contribution may distort the spectrum of Michel electrons [169].
In case of! -leptons, the 2-body decays into hadrons! ! NX are promising. If the
hadronic systemX hadronizes into charged pions or kaons, then its mass and energy
can be reconstructed at high precision. Using futureB-factories with a large dataset of
! decays like! ! ! N " ! " + " ! , stringent limits on the mixing parameter |V! N |2 can be
placed [190], as shown in Figure 5, where the (red, solid and dashed) contours labeled
B-factory are the conservative and optimistic projected limits at 90% C.L. from" 10
million ! -decays.

We should note here that the bounds from peak searches are very robust since they
use only the kinematic features and minimal assumptions regarding the decay modes
of the heavy neutrino. Moreover, since the heavy neutrino is assumed to be produced
on-shell, these limits are valid irrespective of whether the heavy neutrino is a Majorana
or Dirac particle.

2.2.3. Beam Dump Experiments Another way to constrain the sterile neutrinos is via
searches of their decay products. The sterile neutrinos are unstable due to their mixing
with active neutrinos, and their decay rate is proportional to the mixing parameter

[arXiV:1502.06541]
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Figure 8: Regions of sensitivity for sterile neutrinos as a
function of mass and mixing to light neutrinos (normal
hierarchy): for 1012 Z decays occurring between 10 cm
and 1 m from the interaction point (a), same for 1013 Z
decays (b), for 1013 Z decays occurring between 100µm
and 1 m from the interaction point (c).
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Figure 7: Sketch of the topology of aZ ! ! N decay,
with N subsequently decaying intoµ+W" .

the crab-waist scheme would lead an error of less than
! N! = ±0.0004, or a sensitivity of|U|2 # 3 $ 10" 4 for a
sterile neutrino search.

These results are extremely important in the context
where the Z invisible width can reveal dark matter can-
didates, as pointed out in e.g. [38]. It is clear, however,
that this method cannot reach the precision required to
detect sterile neutrinos with the very small mixings ex-
pected from see-saw models.

5. Direct search inZ decays

The direct search for sterile neutrinos inZ decays
consists in looking for events with one light neutrino
produced in association with a heavy one, that de-
cays according to the diagrams of Figure 4. This is
the method already used at LEP [32, 33]. The limi-
tation comes from the four fermion processes such as
Z ! W" W ! #!qq. If it were not for the lifetime of the
heavy neutrino this method would be quickly limited by
the background to a sensitivity of around|U|2 # 10" 6.

A dramatic change arises when the lifetime of the
heavy neutrino is taken into account. For very small
mixings that are indeed expected, the decay length
shown in Figure 5 becomes substantial, and a detached
vertex topology will arise. Note that, while the neu-
tral current decaysN ! ! + $/Z always feature miss-
ing neutrinos in the Þnal state, charged current decays
N ! W# can be completely reconstructed when theW
decays into hadrons.

It is di" cult to imagine any signiÞcant background to
the search for a 20-80 GeV object decaying 1 m away
from the interaction point, in ane+e" machine with no
pile up. Atmospheric neutrino interactions in the detec-
tor will arise at the rate of a few tens per year, but the
requirement that the observed detached particles form
a vertex pointing back to the IP, with the correct mass

and time-of-ßight, is expected to kill backgrounds very
e" ciently.

An exposure of a few years atZ peak with the
maximal luminosity would yield 1013 Z particles, thus
2$1012 Z ! ! ø! events. A mixing of|U|2 # 10" 12 would
yield a few dramatic candidates.

A Þrst analysis of the sensitivity has been performed
to evaluate the region of heavy neutrino mass and mix-
ing in which the heavy neutrinos could be detected. So
far the only requirement has been that the decay length
is larger than a minimal vertex displacement and con-
tained within a detector of given radius. Several exam-
ples are given in Figure 8 for the normal hierarchy and
in Figure 9 for the more favorable case of the inverted
hierarchy. It is clear that the ability to detect long decays
is the most e" cient way to push the sensitivity to small
couplings. For a 5 m detector the full region of interest
is covered for heavy neutrino masses between 30 and
80 GeV. The region of sensitivity of the proposed SHiP
experiment [39] is also shown, displaying sensitivity for
masses up to the charm mass.

6. Conclusions

The prospect of ane+e" multi-TeraZ factory would
make the hunt for the right-handed partners of the light
neutrinos an exciting and distinct possibility. SigniÞcant
work remains to be done, in order to solidly demonstrate
that no unforeseen background can mimic the rather
dramatic signature of a heavy neutrino decaying in the
e+e" detector. However, the preliminary studies pre-
sented here look extremely promising and should mo-
tivate further studies.
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Figure 3: Interesting domains in the mass-coupling pa-
rameter space of heavy neutrinos and current experi-
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neutrinos with active neutrinos. Below this line, the
active neutrino mass di! erences observed in neutrino
experiments cannot be accounted for in the GeV scale
see-saw mechanism. Above the BAU line the reactions
with right-handed neutrinos are in thermal equilibrium
during the relevant period of the Universe expansion,
making the baryogenesis due to right-handed neutrino
oscillations impossible. FormN close toMW and above
MW the rate of reactions withNÕs is enhanced due to
the kinematically allowed decayN ! ! W leading to
stronger constrains on the mixing [30]. The BAU curve
intersects with the see-saw line atmN = MW, so that the
parameter space is bound on all sides.

For even larger masses ofN another mechanism of
baryogenesis Ð resonant leptogenesis Ð can operate [31].
This part of the parameter space cannot be directly stud-
ied with the FCC-ee operated at theZ resonance.

Figure 4: Decay modes of heavy neutrinos through
mixing with light neutrinos: the charged current decay
N ! !" (a), the neutral current decayN ! " + #/Z.

The production and decay of the heavy neutrino in
Z decays has already been studied at LEP by the L3
and DELPHI collaborations [32, 33]. It is largely de-
termined by the mixing angle. When a left-handed neu-
trino is produced e.g. inZ decays it is actually a mixture
of the light and heavy state:

" L = " cos$+ N sin$

with $2 " m" / mN. Thus the decay width of theZ into a
pair of light and heavy neutrinos will be given by

" Z! "N = 3" S M
Z! "" |U|2

!
1 # (mN/ mZ)2

"2 !
1 + (mN/ mZ)2

"

with |U|2 $ $2. The best existing limits are around
|U|2 < 10#5 in the mass range relevant to high energy
investigations (Figure 3). The mixing of sterile neutri-
nos with the active neutrinos of each ßavouri is deÞned
as|Ui|2, wherei = e, µ,%. The total mixing|U|2 is de-
Þned as|U|2 =

#
i |Ui |2. The measurement of the partial

width is sensitive to|U|2, while in direct searches the
Þnal state depends on the relative strength of the partial
|Ui |2. In our analysis we consider the combination of
|Ui|2 allowed by present constrains from neutrino oscil-
lations that maximises the BAU.

Heavy neutrinos decay as shown in Figure 4. At large
masses the fully visible decayN ! ! W(W ! qq) ac-
counts for more than 50% of the decays.

The decay rate of the heavy neutrino depends very
strongly on the mass, both via the three body phase
space (in the Þfth power of mass) but also through the
mixing angle. The average decay length is given in [32]:

L $
3[cm]

|U|2 %(mN[GeV])6

The existence of heavy neutrinos in the accessible
mass range would manifest itself in many di! erent ways
in high energy colliders.

If N is heavy but within kinematical reach, it will de-
cay in the detector and could be detected and possibly

3

[A. Blondel et al., arXiv:1411.5230]
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Figure 2:The tree-level diagrams for the production of a heavy Majorana neutrino (N) in the LRSM model, in
which heavy gauge bosonsWR andZ! are also incorporated. Lepton ßavour is denoted by! and" . Lepton ßavour
is assumed to be conserved, such that! = " . TheWR boson produced from theN decay is o! -shell and, in this
case, decays hadronically.

mWR " mN > 0.3 TeV at 95% conÞdence level (CL) [17]. A more recent search performed by CMS has
excludedmWR < 3.0 TeVfor mWR " mN > 0.05 TeV at 95% CL [18]. There are no such limits for the
production of heavy neutrinos fromZ! boson decays.

Both the mTISM and LRSM models produce Þnal states containing two same-sign leptons and high-pT

jets, but the kinematic characteristics of the events are quite di! erent. In the mTISM Þnal state, one can
reconstruct the resonant SMW boson from the jets originating from the tree-levelqøq pair, whereas in
the LRSM Þnal states, one can instead reconstruct the masses of the heavy gauge bosons. Furthermore,
the energy scales of the two models are largely separate. The energy scale of mTISM Þnal states is set
by the heavy neutrino mass, which, based on the LEP constraints [10, 11], is assumed to be greater than
100 GeV. Instead, the energy scale of LRSM Þnal states is set by the masses of the heavy bosons, which,
motivated by the earlier heavy neutrino searches, are assumed to be greater than 400 GeV. For these
reasons, the event selection criteria are optimised separately for each model, although a common object
selection is used in both cases.

2 The ATLAS detector

The ATLAS detector [19] surrounds the interaction point and covers nearly the entire solid angle. The
detector consists of an inner detector (ID) tracking system, electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS) that surrounds the other detector systems. The ID tracking system consists
of a silicon pixel detector, a silicon microstrip tracker, both covering|#| < 2.5, and a transition radiation
tracker covering|#| < 2.0. The ID tracker is immersed in a 2 T axial magnetic Þeld provided by a
superconducting solenoid magnet. The electromagnetic accordion calorimeter is composed of lead and
liquid-argon (LAr) and provides coverage for|#| < 3.2. Hadronic calorimetry is provided by steel and
scintillator tile calorimeters for|#| < 1.7 and copper and LAr calorimeters for 1.5 < |#| < 3.2. Additional
LAr calorimeters with copper and tungsten absorbers cover the forward region. The MS consists of
dedicated trigger chambers covering|#| < 2.4 and precision tracking detectors covering|#| < 2.7. A
system of three superconducting toroids (one in the barrel, two in the end-caps), with eight coils each,

4

(same-sign) are considered as there is a smaller expected SM background for pairs of same-sign leptons
than for pairs of leptons of opposite charge (opposite-sign). The search includes theee and µµ Þnal
states.

qa

øqb

(W ± )!

W "

N

l±!

l±"

qc

øqd

Figure 1:The tree-level diagram for the production of a heavy Majorana neutrino (N) in the mTISM model. Lepton
ßavour is denoted by! and" . Lepton ßavour is assumed to be conserved, such that! = " . TheW boson produced
from theN decay is on-shell and, in this case, decays hadronically.

The search is guided by two theoretical models. In the Þrst model, the SM is extended in the simplest way
to include right-handed neutrinos [8], such that light neutrino masses are generated by a Type-I seesaw
mechanism or by radiative corrections [9]. In this minimal Type-I seesaw mechanism (mTISM), the
heavy Majorana neutrinos,N, can be produced via an o! -shellW boson,pp ! (W±)" ! #±N. Due to
previous limits [10, 11], the heavy neutrino is assumed to be more massive than theW boson and therefore
subsequently decays to an on-shellW boson and a lepton. The on-shellW boson produced in the decay
of the heavy neutrino predominantly decays into a quarkÐantiquark (qøq) pair. The Þnal state in this case
contains two opposite-sign or same-sign leptons and at least two high-pT jets, wherepT is the transverse
momentum with respect to the beam direction.1 The tree-level process is illustrated in Þgure1. The free
parameters in this model are the mixing between the heavy Majorana neutrinos and the Standard Model
neutrinos,V#N, and the masses of the heavy neutrinos,mN. In this framework, LEP has set direct limits
for mN < mZ [10, 11] and CMS has set direct limits for 90< mN < 200 GeV ineeÞnal states [12] and
40 < mN < 500 GeV inµµ Þnal states [13].

The second model is the left-right symmetric model (LRSM) [4, 14Ð16], where a right-handed symmetry
SU(2)R is added to the SM. The symmetry SU(2)R is assumed to be the right-handed analogue of the
SM SU(2)L symmetry. In this model, heavy gauge bosonsVR = {WR,Z#} are also predicted and, in this
analysis, the heavy gauge bosons are assumed to be more massive than the heavy neutrinos, such that they
are kinematically allowed to decay into Þnal states including heavy neutrinos. These can be produced in
the decays of heavy gauge bosons according toWR ! N#andZ# ! NN and can subsequently decay via
an o! -shellWR boson into a lepton and aqøq pair, N ! #W"

R with W"
R ! q øq#. The tree-level processes

are shown in Þgure2. A previous ATLAS search in this framework has excludedmWR < 2.3 TeV for

1 ATLAS uses a right-handed coordinate system, with its origin at the nominal interaction point in the centre of the detector.
Thez-axis points along the beam direction, thex-axis from the interaction point to the centre of the LHC ring, and they-axis
upwards. In the transverse plane, cylindrical coordinates(r, $) are used, where$ is the azimuthal angle around the beam
direction. The pseudorapidity%is deÞned via the polar angle&as%= $ ln tan(&/ 2) .
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Figure 10. Left: Feynman diagrams contributing to the ‘smoking gun’ collider signal
of LNV (! ± ! ± jj) in the LRSM through the production via SM W(L ) and heavy WR ,
giving rise to 4 di! erent contributions: RR, RL, LL, LR. Right: Comparison of LNV
event rates via the RR diagram at the LHC and in 0"## experiments [307]. The solid
blue contours give the signal significance of 5$ and 90% at the LHC with 14 TeV and
L = 300 fb�1. The area denoted ‘LHC excl.’ is excluded by current LHC searches
in the electron channel [305]. The green contours show the sensitivity of current and
future 0"## experiments, assuming dominant doubly-charged Higgs or heavy neutrino
exchange and the red contours show the sensitivity of LFV processes as denoted.

As for the LHC phenomenology, the presence of RH gauge interactions could lead
to signiÞcant enhancement of the LFV/LNV signal. There are several contributions
to the smoking gun LNV signal of same-dilepton plus two jets, as summarized in
Figure 10 (left). Even if the left-right neutrino mixing is small, heavy RH neutrinos
could be directly produced vias-channelWR exchange and subsequently decay via the
sameWR [224]. The potential to discover LFV and LNV at the LHC in this scenario
has been analyzed in [307,320Ð323]. Figure 10 compares the sensitivity of LNV searches
at the LHC with the sensitivity of 0!"" experiments. The

!
s = 14 TeV LHC might be

ultimately able to probe RH gauge boson masses up toMWR = 6 TeV [324], whereas
a futuristic

!
s = 80 (100) TeV hadron collider could probe up toMWR = 26.6 (35.5)

TeV [325].
In variations of low-scale LRSM with large left-right neutrino mixing [132],

there will be new contribution to the like-sign dilepton signal due to mixed RH-LH
currents [326, 327], in addition to the purely RH and LH contributions. Note that the
amplitude for the RR diagram in Figure 10 (left) is independent ofVlN , and hence, does
not probe the full seesaw matrix (14). On the other hand, the RL diagram is sensitive
to the heavy-light mixing [326], and in fact, the dominant channel over a fairly large
range of model parameter space, as illustrated in Figure 11. Thus, a combination of the

[arXiV:1502.06541]
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1 Introduction

The existence of non-zero neutrino masses may represent a signal of physics beyond the stan-
dard model (SM) [1]. The observation of a doubly-charged scalar particle would establish the
type II seesaw mechanism as the most promising framework for generating neutrino masses [2].
The minimal type II seesaw model [3Ð6] is realized with an additional scalar Þeld that is a triplet
under SU(2)L and carries U(1)Y hypercharge Y = 2. The triplet contains a doubly-charged
component ! ++ , a singly-charged component ! + and a neutral component ! 0. In this pa-
per, the symbols ! ++ and ! + are used to refer also to the charge conjugate states! !! and
! ! . In the literature " and H have also been used. Our choice of the symbol ! for the triplet
components avoids possible confusion with the minimal supersymmetric model (MSSM) H+

boson.

The ! ++ particle carries double electric charge, and decays to same-sign lepton pairs ! +
! ! +

"

with ßavor indices ! , " , where ! can be equal to or different from " . The ! ++ Yukawa coupling
matrix Y! is proportional to the light neutrino mass matrix. The measurement of the ! ++ "
! +

! ! +
" branching fractions would therefore allow the neutrino mass generation mechanism to

be tested [7]. In this scenario, measurements at the Large Hadron Collider (LHC) could shed
light [8Ð11] on the absolute neutrino mass scale, the mass hierarchy, and the Majorana CP-
violating phases. The latter are not measurable in current neutrino-oscillation experiments.

In this article the results of an inclusive search for a doubly-charged Higgs boson at the Com-
pact Muon Solenoid (CMS) experiment are presented, based on a dataset corresponding to
an integrated luminosity of 4.93 ± 0.11 fb! 1. The dataset was collected in pp collisions at#

s = 7 TeV during the 2011 LHC running period. Both the pair-production process pp "
! ++ ! !! " ! +

! ! +
" ! !

# ! !
$ [12, 13] and the associated production process pp " ! ++ ! ! "

! +
! ! +

" ! !
# %$ [14, 15] are studied. It is assumed that the ! ++ and ! + are degenerate in mass.

However, as the singly-charged component is not fully reconstructed, this requirement im-
pacts only the cross section, as long as the mass splitting is such that cascade decays (e.g.
! ++ " ! + W+ $ " ! 0W+ $W+ $) are disfavored [16]. The relevant Feynman diagrams and
production cross sections, calculated following [13], are presented in Figures 1 and 2. The
! ++ " W+ W+ decays are assumed to be suppressed. In the framework of type II seesaw
model [3Ð6], where the triplet is used to explain neutrino masses, this is a natural assump-
tion: the decay width to the W + W+ channel is proportional to the vacuum expectation value
of the triplet ( v! ) and, as the neutrino masses are determined from the product of the Yukawa
couplings and v! , then large enough v! values would require unnaturally small Yukawa cou-
plings.

The search strategy is to look for an excess of events in one or more ßavor combinations of
same-sign lepton pairs coming from the decays ! ++ " ! +

! ! +
" . Final states containing three or

four charged leptons are considered.
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Figure 1: Feynman diagrams for pair and associated production of ! ++ .
2 2 The CMS detector
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Figure 1: Feynman diagram for the dominant contribution to three-charged-leptons Þnal states
in pair production of ! in the type III seesaw models. The production cross section for the
charged-conjugate intermediary W ! is expected to be about a factor of two smaller.

This Letter reports on a search for fermionic triplet states expected in type III seesaw models,
in Þnal states with three charged leptons and an imbalance in transverse momentum ( Emiss

T ).
The data sample corresponds to an integrated luminosity of 4.9 fb ! 1, collected in proton-proton
collisions at

"
s = 7 TeV with the Compact Muon Solenoid (CMS) detector at the LHC in 2011.

The analysis is based on the model described in Ref. [15], using the implementation of Ref. [18].
Three possibilities are considered for the ratios b! , deÞned in Eq.(1): Þrst,be = bµ = b" = 1/3,
hereafter referred to as the ßavor-democratic scenario (FDS), second,be = 0, bµ = 1, b" = 0,
and third, be = 1 and bµ = b" = 0, hereafter referred to as the muon scenario (µS) and the
electron scenario (eS), respectively.

2 The CMS detector

A detailed description of the CMS detector can be found in Ref. [21]. The central feature of
the CMS apparatus is a superconducting solenoid that provides an axial magnetic Þeld of
3.8 T. A silicon tracker, a lead-tungstate crystal electromagnetic calorimeter (ECAL), and a
brass/scintillator hadron calorimeter (HCAL) reside within the magnetic Þeld volume. Muons
are identiÞed using the central tracker and a muon system consisting of gas-ionization detec-
tors embedded in the steel return yoke outside of the solenoid.

The directions of particles in the CMS detector are described using the azimuthal angle # and
the pseudorapidity $, deÞned as $ = ! ln[tan(%/2 )], where %is the polar angle relative to
the anticlockwise proton beam. All objects are reconstructed using a particle-ßow (PF) algo-
rithm [22Ð24]. The PF algorithm combines information from all subdetectors to identify and re-
construct particles detected in the collision, namely charged hadrons, photons, neutral hadrons,
muons, and electrons. Jets are reconstructed using the anti-kT jet clustering algorithm with a
distance parameter of 0.5 [25]. Jet energies are corrected for non-uniformity in calorimeter re-
sponse and for differences found between jets in simulation and in data [26]. An imbalance in
transverse momentum (Emiss

T ) is deÞned by the magnitude of the vectorial sum of the transverse
momenta (pT) of all particles reconstructed through the PF algorithm.
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